Abstract Protein domain family YabP (PF07873) is a family of small protein domains that are conserved in a wide range of bacteria and involved in spore coat assembly during the process of sporulation. The 62-residue fragment of Dsy0195 from Desulfitobacterium hafniense, which belongs to the YabP family, exists as a homodimer in solution under the conditions used for structure determination using NMR spectroscopy. The structure of the Dsy0195 homodimer contains two identical 62-residue monomeric subunits, each consisting of five anti-parallel beta strands (b1, 23-29; b2, 31-38; b3, 41-46; b4, 49-59; b5, 69-80). The tertiary structure of the Dsy0195 monomer adopts a cylindrical fold composed of two beta sheets. The two monomer subunits fold into a homodimer about a single C2 symmetry axis, with the interface composed of two anti-parallel beta strands, b1-b1 0 and b5b-b5b 0 , where b5b refers to the C-terminal half of the bent b5 strand, without any domain swapping. Potential functional regions of the Dsy0195 structure were predicted based on conserved sequence analysis. The Dsy0195 structure reported here is the first representative structure from the YabP family. 
Introduction
The YabP family (PF07873) is a conserved prokaryotic protein domain family that contains 465 the YabP domain family are involved in spore coat assembly during the process of sporulation. Using fusions to green fluoresecent protein (GFP), YabP-GFP from Bacillus subtilis was observed to assemble into two rings around the forespore before it eventually redistributed to form a shell around the developing spore [1] . As part of the efforts of the Protein Structure Initiative (Phases I and II) to obtain experimental structures of representatives from broadly conserved protein domain sequence families, Dsy0195 from Desulfitobacterium hafniense, which belongs to the YabP family, was selected as one of the Northeast Structure Genomics (NESG) consortium targets (UniProtKB/TrEMBL ID, Q251Q8_DESHY; NESG ID, DhR8C).
The truncated Dsy0195 gene from Desulfitobacterium hafniense (strain Y51) encodes for a 62-residue domain (residues 21-82, hereafter referred to as Dsy0195). The NMR structure of the Dsy0195 homodimer was initially solved using conventional methods, in which inter-monomer distance constraints were derived from edited/filtered NOESY data [2] of samples prepared by mixing 13 C/ 15 Nlabeled and unlabeled Dsy0195 in a 1:1 molar ratio. Due to poor signal-to-noise of the edited/filtered NOESY and confounding structural symmetry in the homodimer, only 14 unambiguous inter-monomer NOEs across the homodimer interface were assigned manually. This limited number of interchain NOE restraints resulted in a poorly defined interface in the early stages of the automated Dsy0195 homodimer structure determination procedure, which in turn caused some misassignments of both intraand inter-monomer NOEs [3] . The overall fold, however, was similar to the Dsy0195 crystal structure (PDB ID: 3IPF). The backbone RMSD of average solution NMR structures against the crystal structure was 1.51Å . This solution NMR structure of Dsy0195 was deposited into the Protein Data Bank with PDB ID 2KS0.
To overcome the paucity of inter-monomer restraints available for structure calculations of the homodimer structure, we implemented a novel approach for improving the quality of the solution NMR structure of the homodimer protein that used a combination of paramagnetic resonance enhancement (PRE) and double electron electron resonance (DEER) measurements of spin labeled Dsy0195 [3] . The Dsy0195 homodimer sructure solved by this new approach had higher quality than the structure solved by the conventional approach, especially in the interface region, due to an increased number of accurate intermonomer NOEs assigned during the automatic assignment of NOEs from the NOESY peak lists using the CYANA [4] program following seeding with long-range interchain distance constraints provided by PRE and DEER measurements. The backbone RMSD of average solution NMR structures of Dsy0195 solved using PRE and DEER restraints compared to the crystal structure was 1.13Å , which confirmed the better agreement of the overall structure fold with the Dsy0195 crystal structure. The structure of Dsy0195 solved with the aid of PRE and DEER restraints has been deposited into the Protein Data Bank with PDB ID 2KYI. Since the 2KYI structure is of higher quality compared to the 2KS0, it will be presented in this Structure Report.
Here, we present the NMR structure of the Dsy0195 homodimer in solution and predict potentially important functional regions of the structure based on conserved sequence analysis. The Dsy0195 monomer adopts a unique cylindrical fold made of five beta strands, a fold that does not match any existing domains in the CATH (http://www.cathdb.info/) and SCOP (http://scop.mrc-lmb. cam.ac.uk/scop/) structural classification databases.
Methods
[U- 13 C, 15 N]-and U-15 N, 5% biosynthetically directed 13 C (NC5) Dsy0195 samples from Desulfitobacterium hafniense (strain Y51) were produced following standard protocols of the Northeast Structural Genomics Consortium (NESG) [6] . Based on analytical gel filtration chromatography, static light scattering ( Supplementary Fig. S1 ) and one-dimensional 15 N T 1 and T 2 relaxation data ( Supplementary Fig.  S2 ), Dsy0195 existed as a homodimer in solution under the conditions used in the NMR studies (1.0 mM monomer subunit, 10% v/v D 2 O, 20 mM ammonium acetate, 100 mM NaCl, 10 mM DTT, 5 mM CaCl 2 , pH 4.5, 20°C). Two single cysteine mutants of Dsy0195 (S36C and S52C) were generated by using the QuikChange site-directed mutagenesis kit (Stratagene). Neither mutation, S36C and S52C, perturbed the homodimer structure based on comparison of the 2D 15 N-HSQC spectra of mutants with wild type [3] . (1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate (MTSL) was used to spin-label free cysteine in the S36C and S52C mutants. To obtain intermonomer distance constraints, samples were prepared for edited/filtered 13 C-edited NOESY, PRE and DEER experiments. Backbone 1 H, 13 C, and 15 N resonance assignments were made by AutoAssign 2.4.0 [7] ( Supplementary  Fig. S3 ); side chain assignments were completed manually. NMR resonance assignment validation was performed using the AVS software [8] . Dihedral angle constraints were computed by TALOS [9] (f ± 30°; y ± 30°) for ordered residues with confidence scores of 10. Hydrogen bond constraints were derived from AutoStructure 2.1.1 [10] and confirmed by deuterium exchange measurements. The Dsy0195 monomer structure was calculated using CYANA, supplied with an unassigned NOESY peak list obtained from 3D 13 C-edited NOESY (aliphatic and aromatic regions in 13 C dimension), 15 N-edited NOESY, and 4D 13 C-13 C-HMQC-NOESY-HMQC spectra, together with dihedral angle and hydrogen bond constraints.
CYANA seeded with inter-monomer constraints from the different sources described above together with intramonomer constraints, dihedral angle and hydrogen bond constraints, led to the automatic assignment of all intraand inter-monomer NOEs used for structure determination over several rounds of peak list refinement. The final distance constraints were converted into XPLOR format, followed by final structure calculations using XPLOR-NIH [11] and refinement in explicit water using CNS. NMR structure quality analyses were performed using the PSVS [12] and RPF [13] 
Results and discussion
Here we present structural features of 2KYI. As shown in Fig. 1a , the NMR structure of the Dsy0195 homodimer in solution contains two identical 62-residue monomeric subunits, each consisting of five anti-parallel beta strands (b1, 23-29; b2, 31-38; b3, 41-46; b4, 49-59; b5, 69-80). Among these five beta strands, three relatively short strands b1, b2 and b3 contain 6-8 residues, while the other two strands b4 and b5 contain 11 and 12 residues, which bend at the middle of each strand. When these two longer beta strands, b4 and b5, are individually taken as two short parts bending at residue E56 on b4 and I76 on b5 (b4a: 49-56; b4b: 57-59; b5a: 69-76; b5b: 77-80), the structure can be described as being composed of a total of seven b strands forming two anti-parallel beta sheets in the order of b1-b5a-b4b and b2-b3-b4a-b5b. The tertiary structure of the Dsy0195 monomer adopts a cylindrical fold composed of these two beta sheets. The two monomer subunits fold into the homodimer with one C2 symmetry axis as shown in Fig. 1a , with the interface composed of two anti-parallel beta strands, b1-b1 0 and b5b-b5b 0 without any domain swapping. The secondary structure elements are locally and globally well defined (Fig. 1b) . Structural statistics for Dsy0195 homodimer are presented in Table 1 . Figure 1c shows the overlay of NMR structure (green) against crystal structure (cyan). The secondary NMR structure elements are consistent with the crystal structure (five beta strands in crystal structure: b1, 24-28; b2, 31-38; b3, 41-46; b4, 49-64; b5, 69-81). The overall fold of NMR and crystal structure are almost identical with the backbone RMSD of 1.13 Å . However, resonances from a five-residue segment ranging from residue 60 to 64 (IKHLD) are completely absent in the NMR spectra due to conformational exchange broadening. This short segment, which is located at the end of b4 in the crystal structure, could not be well determined.
Dsy0195 shows no similarity to domains in either the CATH or the SCOP structural classification databases. PSI-BLAST results indicated very low sequence similarity (\20%) with any other structures in the PDB. Dali (v.3) [5] structural alignment analyses using the NMR structure reported here (2KYI) revealed low similarity to known structures with a highest Z-score of 3.6 (PDB ID: 2WDA; C a RMSD, 5.2 Å ). ConSurf [14] analyses of the YabP family using PSI-BLAST (92 sequences in total) revealed two patches containing highly conserved residues. The smaller region, which occurs near the dimer interface, contained five highly conserved residues T29, G30, V31, V34 and Y81. (Figure 1a , left panel) located at the end of b1, the beginning of b2, and the loop connecting these two beta strands. The second region, which is oriented away from the dimer interface, is much bigger with twelve highly conserved residues S36, F37, D38, I42, L44, T46, L51, L58, I60, L63, L65 and G68 (Fig. 2a, right panel) mainly located on b2, b3 and b4. PDBemotif analysis revealed one 22-residue segment of L44-(x) 6 -L51-(x) 6 -L58-(x) 6 -L65, showing sequence characteristics of a leucine zipper motif, which is normally present in a-helical dimers (Supplementary Fig. S4 , http://www.ebi.ac.uk/pdbe-site/pdbe motif/). Seven highly conserved residues including L44, T46, L51, L58, I60, L63 and L65 were identified, which suggests an important role for these residues either for preserving the structure or function of these proteins during the course of the evolution of these species. The side chains of these nonpolar residues, mostly present in b3 and b4 (Fig. 2b) , may help the protein adopt the proper fold. In summary, we have determined the high quality NMR structure of Dsy0195 homodimer in solution from Desulfitobacterium hafniense, the first structure representative of any member from the highly conserved YabP family 
